ABSTRACT. There is a paucity of information on the significance of insulin on neonatal cerebral glucose metabolism. The effect of insulin on neonatal cerebral glucose uptake and cerebral cortical metabolic intermediates was investigated with the euglycemic hyperinsulinemic clamp in unanesthetized beagles during the first day of life. Insulin was infused at various rates to sustain an elevated steady state plasma insulin concentration in individual pups. Furthermore, blood glucose and 2-deoxyglucose levels were also maintained ("clamped") in a steady state by infusion of glucose and 2-deo~y-['~C]-glucose. Mean ( f SD) plasma insulin levels were 20 f 12 and 2971 f 3386 (33-14330) pU/ml in control and hyperinsulinemic pups. Blood glucose concentration was 4.43 f 2.64 mM during basal periods and 4.54 f 2.87 mM during the clamp period in study pups. Basal fasting glucose utilization in study pups was 43.9 f 24 pmol/kg/min and increased to 60.9 f 35.2 pmol/ kg/min (p < 0.001) during hyperinsulinemia. Immediately after the euglycemic hyperinsulinemic clamp or fasting in control pups, the cerebral cortex was frozen to the temperature of liquid nitrogen. No differences were noted for any cerebral cortical intermediate between the two pup groups. In addition, there was no relationship between the cerebral intermediates concentration when analyzed as a function of plasma insulin levels. The uptake of cerebral Z-deoxyglucose was analyzed as a function of plasma insulin concentration (120-6900 pU/ml). Brain tissue demonstrated a positive linear relationship for 2-deoxyglucose uptake as a function of plasma insulin concentration. Although static determination of brain metabolites were not influenced by hyperinsulinemia, there was a positive effect of insulin on cerebral glucose uptake. Either directly or indirectly, insulin may increase brain glucose utilization in the newborn dog. (Pediatr Res 23: 474-479, 1988) Glucose is considered the major substrate for brain energy metabolism. While it is know that insulin affects glucose uptake and metabolism in peripheral tissues, it is a matter of speculation whether insulin affects the uptake and utilization of glucose by the brain. Presently the results of studies that have investigated the effects of insulin on brain glucose uptake are inconclusive (1-8). Although the central nervous system is not considered an insulin sensitive tissue, recent studies have demonstrated high concentrations of insulin in the brain (9), and the presence of insulin receptors in microvessels (10, 11) as well as within the brain substance (12-15). Difficulties of interpretation of the present data may be related to the use of in vitro techniques and in vivo investigations that do not have a steady state of blood glucose or insulin levels.
after the euglycemic hyperinsulinemic clamp or fasting in control pups, the cerebral cortex was frozen to the temperature of liquid nitrogen. No differences were noted for any cerebral cortical intermediate between the two pup groups. In addition, there was no relationship between the cerebral intermediates concentration when analyzed as a function of plasma insulin levels. The uptake of cerebral Z-deoxyglucose was analyzed as a function of plasma insulin concentration (120-6900 pU/ml). Brain tissue demonstrated a positive linear relationship for 2-deoxyglucose uptake as a function of plasma insulin concentration. Although static determination of brain metabolites were not influenced by hyperinsulinemia, there was a positive effect of insulin on cerebral glucose uptake. Either directly or indirectly, insulin may increase brain glucose utilization in the newborn dog. (Pediatr Res 23: 474-479, 1988) Glucose is considered the major substrate for brain energy metabolism. While it is know that insulin affects glucose uptake and metabolism in peripheral tissues, it is a matter of speculation whether insulin affects the uptake and utilization of glucose by the brain. Presently the results of studies that have investigated the effects of insulin on brain glucose uptake are inconclusive (1) (2) (3) (4) (5) (6) (7) (8) . Although the central nervous system is not considered an insulin sensitive tissue, recent studies have demonstrated high concentrations of insulin in the brain (9) , and the presence of insulin receptors in microvessels (10, 11) as well as within the brain substance (12) (13) (14) (15) . Difficulties of interpretation of the present data may be related to the use of in vitro techniques and in vivo investigations that do not have a steady state of blood glucose or insulin levels.
Investigations on the effects of insulin on the developing nervous system suggest that insulin may have an action on cerebral macromolecule synthesis (16, 17) . In the developing brain, insulin stimulates protein, and RNA and DNA synthesis in vitro (1 6, 17) .
Although insulin may have difficulty traversing the mature blood brain barrier, insulin has been demonstrated to enter the brain in the adult in the region of the circumventricular area (18) . This location is thought to be devoid of a blood brain barrier. Immature mammals have a more permeable blood brain banier (19) which may result in greater passage of circulating insulin into the developing central nervous system. Presently there is a paucity of information on the effects of insulin on the immature mammalian brain. Herein we analyzed the effect of insulin on glucose utilization in the brain of newborn beagles by using the euglycemic hyperinsulinemic clamp and the simultaneous infusion of 2-deo~y-['~C]-glucose. A subsequent report will discuss the detailed results of liver and muscle metabolism from these pups. 
Materials. D -[~-~H ]
glucose and 2-deo~y-['~C]-glucose were glucose-6-P, glucose-6-phosphate purchased from New England Nuclear, Boston, MA. All enzymes were purchased from Sigma Chemical Co., St. Louis, MO. All fructose-6-P, fructose-6-phosphate chemicals and standards were reagent grade. HI, hyperinsulinemic clamp Animals. Pregnant beagle dogs were maintained in kennels and fed standard canine diet until 1-3 days before delivery when they were fasted but had free access to water. Cesarean sections The tip of the venous catheter was positioned in the inferior vena cava. This protocol was approved by the Case Western Reserve University Animal Welfare Committee.
Euglycemic hyperinsulinemic clamp. This technique was used to assess the effects of hyperinsulinemia without the effects of hypoglycemia. Fifty-one euglycemic hyperinsulinemic pups were studied. To determine glucose turnover and glucose utilization during the clamp, tracer quantities of [6-3H] glucose (4.5 pCi/kg/ h; specific activity, 33.9 Cijmmol) were infused at a constant rate during the entire study which lasted 195 min after a priming dose. This infusion was begun between 3-6 h of life in previously fasted pups. After 60 min a steady state of tracer radioactivity was achieved and the blood glucose concentration at 90 min was considered the basal level for the clamp study. The euglycemic HI was performed as described by DeFronzo et al. (21) and initiated at 90 min of the study. Within the context of this clamp, blood glucose and plasma insulin levels are "clamped" constant. Any requirement of exogenous glucose to maintain normal levels of blood glucose during the clamp is a direct reflection of insulin stimulated tissue glucose uptake. Only insulin-sensitive tissue will respond in this system. Pork insulin (100 Ujml) was diluted in normal saline and was infused at a constant rate of either 3.75, 7.5, 15, 30, 60, or 100 mU/kg/min via the umbilical vein during the subsequent 105 min of the study. In order to maintain euglycemia, blood glucose was determined at each 10-to 15-min interval from arterial blood on a Beckman glucose analyzer and an exogenous infusion of glucose was adjusted using the negative feedback principle (21). Blood samples were also collected at 75, 90, and 105 min after the beginning of the insulin clamp, when the steady state for the clamp period was reached, to determine plasma insulin concentration and glucose kinetic data. All blood withdrawn was replaced by normal saline solution.
In 20 newborn beagle dogs 2-deo~y-['~C]-glucose was added to the clamp infusate to study in vivo glucose uptake by the brain in the presence of euglycemia and varying grades of hyperinsulinemia (22, 23) .
[14C]-2-DG (specific activity 282.0 mCi/mmol) was infused at a constant rate of (0.1 pcijkgjmin) during the clamp study. Insulin infusion rates were 3.75, 15, 30, or 60 m u / kgjmin.
Immediately at the end of the clamp studies, the pups were killed by a double guillotine. Samples of cerebral cortex, liver, and muscle from the hindquarter were collected and freezeclamped in less than 3 s, placed in liquid Nz, and later stored at -80" C until further analyses of tissue glycolytic intermediates and 2-DG radioactivity. Control pups (n = 14) did not receive insulin but did have fasting levels of glucose turnover quantitated with tracer glucose and cerebral cortical tissue intermediates analyzed as described above.
Analyses. The homogenization and extraction of cerebral cortex, liver, and muscle were performed as reported previously (20) . Glucose, glycogen, UDP-glucose, glucose-6-P, fructose-6-P, phosphoenolpyruvate, pyruvate, lactate, citrate, a-ketoglutarate, ATP, alanine, glutamine, and glutamate were assayed as reported previously (20) . Plasma insulin was determined by radioimmunoassay on aliquots collected before and during the clamp period. [6-3H]glucose and 2-deo~y-['~C]-glucose, after extraction and neutralization, were separated from other compounds by ion exchange chromatography in analytical grade cation exchange resin AG 50 W-X8 and analytical grade anion exchange resin AG 1-X8 (Bio-Rad Laboratories, Richmond, CA) and counted in the commercial fluid, Scinti-Verse I1 (Fisher Scientific Co., Pittsburgh, PA). The measurement of the radioactivity of 2-DG in blood and tissues was done in a Beckman LS7500 liquid scintillation system. The counts were expressed as disintegrations per mass unit per min with time being the duration of the infusion. Because of variations of the infusate quantities of 2-DG and corresponding variability of blood 2-DG values, blood and tissue counts were corrected to a standardized level of circulating radioactivity. This correction made it possible to compare the tissue levels between pups with different blood 2-DG concentrations, now assuming a uniform concentration of 2-deo~y-['~C]-glucose in the blood. We also analyzed the uptake of 2-DG by the tissues by the ratio Cm/Cb. Cm is the counts found in tissue from 2-DG per unit of mass (dpm/g) and Cb is the level of 2-deo~y-['~C]-glucose per ml of blood (dpmlml). This method of calculation needs no correction factor because tissue uptake is related to blood levels of 2-DG.
Statistical analysis. Student's t test was used to compare means between control and euglycemic hyperinsulinemic pups for brain glucose, its metabolites, and amino acids. Analysis of variance was included to determine analyses of brain metabolites. Paired t test was used for comparison of counts from 2-DG among brain, liver, and muscle in the same animal. Significant values were considered for p < 0.05. Regression analysis was used for the analyses of plasma insulin and the levels of counts from 2-DG in tissue and for the ratio Cm/Cb. Results are mean SD. Data presented herein will concentrate on brain metabolism.
RESULTS
Circulating kinetic data. Brain glucose, glycolytic, and Krebs cycle and related metabolites were assayed in 14 control and 3 1 euglycemic hyperinsulinemic newborn dogs. 2-DG uptake by brain was determined in an additional 20 euglycemic hyperinsulinemic pups. The weight of the pups was 0.272 + 0.030 kg for controls and 0.259 + 0.039 kg for hyperinsulinemic pups.
Basal glucose concentrations for control pups were 3.4 f 1.4 and 4.4 f 2.6 mM in pups before hyperinsulinemia. During the clamp in the steady state, blood glucose was 4.5 + 2.8 mM. The differences between glucose levels were not significant. The plasma insulin in the fasted control group was 20 + 12 pU/ml, fasting basal insulin 17 + 1 5 pU/ml, and during hyperinsulinemia the plasma insulin level was 2971 + 3386 pU/ml (range 33-14,330). In the steady state (defined as glucose specific activity variance less than lo%), glucose turnover for controls was 33.2 + 7.8 pmol/kg/min and was not significantly different from glucose turnover for study pups before insulin administration (43.9 + 24 pmol/kg/min). During the clamp period blood glucose levels did not change; however, insulin enhanced systemic glucose utilization (60.9 + 35.2 pmol/kg/min) 1.4 times above basal fasting levels ( p < 0.001). In the steady state, during the clamp period, the levels of blood glucose, 2-DG, and plasma insulin were held constant (Fig. 1) .
Brain intermediate metabolism. The results of the cerebral cortical glucose, glycogen, UDP-glucose, and ATP are seen in Table 1 . There were no significant differences between the means for these intermediates. The cerebral glycolytic intermediates: glucose-6-P, fructose-6-P, phosphoenolpyruvate, pyruvate, and TIME (minutes) Fig. 1 . Steady state blood glucose, blood 2-DG, and plasma insulin levels in euglycemic hyperinsulinernic dogs used for the determination of 2-DG uptake by brain. Values are mean 2 SEM. lactate were not significantly different between control and hyperinsulinemic pups ( Table 2 ). The intermediates of the Krebs cycle, citrate and a-ketoglutarate, were also not significantly different between the two groups (Table 2) . Furthermore, the concentrations of brain amino acids: alanine, glutamate, and glutamine were not different in controls and HI pups (Table 3) . When any of these metabolites were analyzed as a linear regression fashion there were no significant correlations between metabolite levels as a function of the plasma insulin concentration during hyperinsulinemia.
The uptake of 2-DG by the brain was analyzed as a function of plasma insulin and also compared with more insulin-sensitive tissues such as liver and muscle. The mean counts of 2-DG recovered in tissue after the 2-DG infusion was: in the cerebral cortex, 28 1 + 189 dpm/g/min; liver, 5 14 t-38 1 dpm/g/min;
and muscle, 245 -t 15 1 dpm/g/min (Table 4 ). The analysis of the total uptake of 2-DG during the clamp period by tissues showed a higher uptake for liver when compared to cerebral cortex ( p < 0.02) and muscle ( p < 0.01) ( Table 4 ). There is no significant difference in 2-DG uptake between cerebral cortex and muscle (Table 4 ). The correlation coefficients for the counts in tissue from 2-DG as a function of the insulin levels in the plasma during the clamp were: brain, r = 0.6 1 , p < 0.01 (Fig. 2) ; liver, r = 0.52, p < 0.05 (Fig. 3) ; and muscle, r = 0.71, p < 0.001 (Fig. 3) . During the clamp period, we did not identify any correlation between plasma insulin, blood 2-DG, and blood glucose levels. The ratio between the counts from 2-DG in the brain, liver, and muscle and the corresponding 2-DG activity in the blood also demonstrated a significant positive correlation with the plasma insulin levels ( Table 5 ). The correlation coeficient for the brain to blood ratio as a function of the simultaneous plasma insulin level was r = 0.56 ( p < 0.02) (Fig. 4) ; for liver, r = 0.5 1 (p < 0.05); for muscle, r = 0.64 ( p < 0.01) ( Table 5 ). The comparison among the ratio for total tissue 2-DG radioactivity accumulated during the entire clamp period versus plasma radioactivity values showed a higher mean ratio for liver when compared to brain ( p < 0.02) and muscle ( p < 0.05). The mean brain ratio was not significantly different from the mean muscle ratio ( Table 5) .
The uptake of 2-DG by tissues was also analyzed as a function of the exogenous glucose infusion rate required to maintain euglycemia. There was no relationship between the exogenous glucose infusion rate with brain, r = 0.29; liver, r = 0.29; and muscle, r = 0.08; 2-DG uptake during the clamp period.
DISCUSSION
In adult species there is uncertainty as to the effects of insulin on cerebral metabolism. Many areas of the brain have insulin receptors (8, 14, 15) . These receptors are specific for insulin and demonstrate standard saturation kinetics (9, 12) . Furthermore, insulin may gain entry into the brain in areas such as the circumventricular organ where there is no blood brain barrier (18) . In addition, insulin levels have been demonstrated to increase in the cerebral spinal fluid in situations of persistent and prolonged circulating hyperinsulinemia in adult dogs (24) . Insulin may also bind directly to blood vessel endothelial cells (10, 18) and affect metabolite transport at this level.
Prior investigations have demonstrated an effect of insulin on increasing unidirectional glucose influx into the brain (5). Additional investigations have observed no increased influx, but demonstrated a net increase of glucose gain by the brain (1) and demonstrated that hyperinsulinemia decreased outward hexose transport more than the inward transport resulting in an increase in the hexose distribution space in the brain (25) . Furthermore, insulin has also been demonstrated to enhance cerebral tissue protein, RNA, and DNA synthesis (16, 17) . Insulin may influence glucose uptake by directly affecting the transport mechanism. Alternatively, the increased synthesis of cerebral macromolecules may result in the need for increased uptake of oxidizable fuels or macromolecule precursors. Thus, insulin-stimulated synthesis of cerebral protein may indirectly result in increased cerebral glucose utilization to provide the energy required for tissue synthesis.
The euglycemic hyperinsulinemic clamp is an excellent method for the study of glucose utilization and the effects of insulin on insulin responsive tissue in vivo by maintaining constant circulating hyperinsulinemia in the presence of euglycemia. The amount of infused glucose needed to clamp blood glucose at basal values is directly related to insulin-stimulated glucose utilization. Insulin concentrations range from physiologic to pharmacologic. The latter high range of plasma insulin levels enable the determination of the maximum possible response to insulin. This technique was adapted in our laboratory for the study of glucose utilization in newborn beagles (26) . The 2-deo~y-['~C]-glucose method has been used to quantify insulin sensitivity by the cerebral tissue and also to study glucose utilization by the brain (22) . 2-DG is transported through the blood brain barrier by the same carrier that transports glucose. By combining the 2-DG method and the hyperinsulinemic clamp, it was possible to study the effects of insulin on the cerebral uptake of glucose as a function of circulating insulin levels under steady state conditions in the newborn beagle.
In the first part of this study, we analyzed intermediates of glucose metabolism in the brain cortex during the clamp when the newborn pups remained euglycemic. A significant increase was noted in total body glucose utilization during the clamp period. These data indicate that glucose utilization was increased only in the tissues that were responsive to the action of insulin. Despite increased total body glucose uptake and high levels of plasma insulin, the concentrations of brain glucose, glycogen, and its intermediate, UDP-glucose, were not affected by insulin. In adult rats subjected to euglycemic hyperinsulinemia there was also no effect of this method on these hepatic intermediates (27) . We could not demonstrate an action of insulin on brain glycolytic intermediates. Glucose metabolism was also analyzed by the determination of the cerebral amino acids derived from glycolysis or the Krebs cycle, alanine, glutamate, and glutamine. These were also not affected by hyperinsulinemia.
The observation that cerebral intermediates were not affected by circulating hyperinsulinemia may suggest that insulin has little or no detectable effect on cerebral glucose metabolism. Nonetheless, the assay of cerebral cortical intermediates is a static determination of a potentially dynamic situation, e.g. increased cerebral glucose uptake. Cerebral glucose utilization may be stimulated and flux may increase through glycolysis and the Krebs cycle without discernible perturbations of the intermediates of these pathways. Brain glucose concentration may not increase because of rapid phosphorylation of glucose to glucose-6-P. Subsequently enhanced glycolytic flux may maintain cere-bra1 glycolytic intermediate levels if the rate of glucose phosphorylation is equal to the rate of glucose utilization and the rate of acetyl CoA entry into the Krebs cycle. Indeed, except under major perturbation stresses such as severe ischemia, it is unusual to detect alterations of intracellular intermediates, including glucose, during periods of enhanced glycolysis, glycogen synthesis, or glycogenolysis. The metabolite response of the newborn pup was therefore similar to that of the adult rat after euglycemic hyperinsulinemia (27) . If basal glucose availability to the brain is sufficient, further enrichment (increased levels) of the concentrations of the glycolytic and Krebs cycle intermediate pools may not be necessary. Further increases of cerebral glucose utilization may have no effect on the static determination of these metabolites.
Determination of insulin-stimulated cerebral glucose uptake with the 2-deoxy glucose method is a more sensitive indicator of cerebral glucose uptake than are analyses of intermediate levels.
Because the decreased sensitivity of the biochemical methods could be responsible for the results observed, we analyzed the effect of insulin on glucose utilization as determined by the 2-DG method, which is a more dynamic process. A positive correlation between plasma insulin concentration and the amount of 2-DG recovered in the brain was observed within the range of plasma insulin values achieved during the clamp period (120-6900 pU/ml). A similar positive relationship was demonstrated in liver and muscle tissues, which are considered to be sensitive to the action of insulin. The ratio between the counts from 2-DG in the tissues and the 2-DG in the blood also supported the evidence that higher levels of insulin in the plasma may lead to higher levels of extraction of 2-DG from blood. It is also important to consider that although the counts from 2-DG in the tissue may be related to the available substrate in the blood, no relation was evident between the level of blood glucose or the glucose infusion rate or the concentration of the tracer in the blood and the level of plasma insulin. This leads us to conclude that the higher levels of circulating plasma insulin were responsible for the increased 2-DG uptake by brain. According to the principle of the clamp technique, glucose was infused to maintain blood glucose concentrations to prevent hypoglycemia which would be due to insulin-stimulated tissue glucose uptake. Thus any increase of tissue 2-DG reflects insulin stimulated uptake rather than substrate driven uptake.
Variations in cerebral blood flow induced by hyperinsulinemia could potentially increase or decrease the uptake of 2-DG by the brain. Although cerebral blood flow was not determined in this experiment, previous investigations have demonstrated that the cerebral blood flow of newborn dogs does not change in response to hyperinsulinemia (28) . It is interesting to note that muscle appears to have the same response to insulin as the brain. This does not mean that newborn brain should be considered as insulin sensitive as muscle tissue has been traditionally considered sensitive. Rather the observed data may suggest that newborn muscle tissue is less sensitive than more mature adult muscle tissue, and therefore demonstrates a similar response to newborn brain. The concept that muscle may be one site responsible for neonatal insulin resistance is the subject of a parallel study (29) .
The differences between the experimental model we have used and the models described in the literature also need to be considered. First, we studied the neonatal dog at 3-6 h after birth. At this time of maturation the blood brain barrier has been demonstrated to be more permeable than adult animals (19) . Moreover, the presence of the steady state condition for plasma insulin, blood glucose, and the constant infusion rate of 2-DG allows for glucose uptake by both the brain and by traditionally more insulin-sensitive organs. Previous studies using acute 2-DG and insulin boluses may not provide sufficient 2-DG substrate for less sensitive organs, e.g. the brain.
We conclude that insulin acts on the brain of newborn beagles by enhancing glucose uptake. We speculate that the immature canine brain may be an insulin-sensitive tissue and this may be, in part, due to a more permeable blood brain barrier or to the possible action of insulin on macromolecule synthesis (16, 17) . The intrinsic mechanisms of this action have yet to be determined. Whether the insulin effect occurs at the insulin receptors of the brain microvessels, at the blood brain barrier, or at the receptors localized in the brain cells remains speculative.
